Abstract -Biofilm formation is an important virulence trait of many bacterial pathogens. It has been reported in the literature that only two of the reference strains of the swine pathogen Actinobacillus pleuropneumoniae, representing serotypes 5b and 11, were able to form biofilm in vitro. In this study, we compared biofilm formation by the serotype 1 reference strain S4074 of A. pleuropneumoniae grown in five different culture media. We observed that strain S4074 of A. pleuropneumoniae is able to form biofilms after growth in one of the culture conditions tested brain heart infusion (BHI medium, supplier B). Confocal laser scanning microscopy using a fluorescent probe specific to the poly-N-acetylglucosamine (PGA) polysaccharide further confirmed biofilm formation. In accordance, biofilm formation was susceptible to dispersin B, a PGA hydrolase. Transcriptional profiles of A. pleuropneumoniae S4074 following growth in BHI-B, which allowed a robust biofilm formation, and in BHI-A, in which only a slight biofilm formation was observed, were compared. Genes such as tadC, tadD, genes with homology to autotransporter adhesins as well as genes pgaABC involved in PGA biosynthesis and genes involved in zinc transport were up-regulated after growth in BHI-B. Interestingly, biofilm formation was inhibited by zinc, which was found to be more present in BHI-A (no or slight biofilm) than in BHI-B. We also observed biofilm formation in reference strains representing serotypes 3, 4, 5a, 12 and 14 as well as in 20 of the 37 fresh field isolates tested. Our data indicate that A. pleuropneumoniae has the ability to form biofilms under appropriate growth conditions and transition from a biofilm-positive to a biofilm-negative phenotype was reversible.
INTRODUCTION
Actinobacillus pleuropneumoniae, a member of the Pasteurellaceae, is an important swine pathogen responsible for economic losses in the swine industry. To date, 15 serotypes of A. pleuropneumoniae have been described based on capsular antigens [3, 10] . The virulence of the bacteria is mediated by the coordinated action of several virulence factors, namely the capsule, lipopolysaccharides (LPS), Apx toxins and outer membrane proteins involved in iron uptake [4, 11, 14, 18, 19, 28, 29] .
It is widely accepted that the majority of bacteria in virtually all ecosystems (natural, engineered and pathogenic ecosystems) grow in matrix-enclosed biofilms [7] . The matrix provides biofilm cells with a protected microenvironment containing nutrients, secreted enzymes and DNA. The matrix also contributes to the increased resistance to antibiotics and host defenses exhibited by biofilm cells [15] . All members of the Pasteurellaceae are inhabitants of mucosal surfaces of mammals and therefore formation of a biofilm may be crucial to their persistence in vivo. However, biofilms have only been investigated in a few species of the Pasteurellaceae family [16] . In A. pleuropneumoniae, the formation of biofilms on polystyrene microtiter plate is dependent on the production of poly-N-acetylglucosamine (PGA) a linear polymer of N-acetylglucosamine residues in b(1,6) linkage [17, 20] . The production of PGA is encoded by the genes pgaABCD [20] . A novel insertion element, ISApl1, was recently identified in an A/T rich region of the pgaC gene of the biofilm-negative A. pleuropneumoniae strain HB04 [25] . PGA is a substrate for dispersin B (DspB), a biofilm-releasing glycosyl hydrolase produced by Aggregatibacter (Actinobacillus) actinomycetemcomitans and A. pleuropneumoniae [20, 22] . It has also been reported that only 2 of the 15 A. pleuropneumoniae reference strains, representing serotypes 5b and 11, were able to form a biofilm in vitro and that the transition from a biofilm-positive to biofilm-negative phenotype was irreversible [21] . However, Li et al. [24] recently observed slight biomass of biofilm when the A. pleuropneumoniae serotype 1 reference strain S4074 was grown in serum-free TSB but not in serum-containing TSB. In addition, an enhanced biofilm formation was observed in luxS [24] and hns [8] mutants of A. pleuropneumoniae strain S4074.
The aims of the present study were: (i) to re-evaluate biofilm formation by A. pleuropneumoniae reference strain S4074 (serotype 1) under different growth conditions using a standard microtiter plate and crystal violet staining protocol; (ii) to evaluate the ability of 16 reference strains and 37 fresh field isolates to form biofilm in the growth condition shown to allow the best biofilm formation and (iii) to determine the transcriptomic profile of A. pleuropneumoniae strain S4074 when grown in that culture condition.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Bacterial strains used in the present study are listed in Table I . Bacteria were grown on brain heart infusion agar plates (BHI; Difco Laboratories, Detroit, MI, USA) supplemented with 15 lg/mL nicotinamide adenine dinucleotide (NAD). A colony was transferred into 5 mL of Luria-Bertani broth (LB; Difco), tryptic soy broth (TSB; Difco), Mueller Hinton broth (MH; Difco) or BHI (BHI-A; Difco or BHI-B; Oxoid Ltd, Basingstoke, Hampshire, UK) with 5 lg/mL NAD and incubated at 37°C overnight with agitation. This culture was used for the biofilm assays.
Biofilm assay in microtiter plates
The microtiter plate biofilm assay is a static assay particularly useful for examining early events in biofilm formation [27] . The wells of a sterile 96-well microtiter plate (Costar Ò 3599, Corning, NY, USA) were filled in triplicate with a dilution (1/100) of an overnight bacterial culture. Following an incubation of 6 or 24 h at 37°C, the wells were washed by immersion in water and excess water was removed by inverting plates onto a paper towel. The wells were then filled with 100 lL of crystal violet (0.1%) and the plate was incubated for 2 min at room temperature. After removal of the crystal violet solution, the plate was washed and dried in a 37°C incubator for 30 min and 100 lL of ethanol (70%) were added to the wells. Absorbance was measured at 590 nm using a spectrophotometer (Powerwave, BioTek Instruments, Winooski, VT, USA).
Scanning laser confocal microscopy
The same biofilm assay protocol was used as described previously. After the 6 or 24 h incubation, the wells were filled with 100 lL of Wheat Germ Agglutinin (WGA)-Oregon Green 488 (Molecular Probes, Eugene, OR, USA) diluted 1/100 in PBS and the plate was incubated for 30 min at room temperature in the dark. The plate was then washed with water and filled with PBS. The plate was observed with a confocal microscope (Olympus FV1000 Vet. Res. (2010) 41:03IX81). WGA was excited at 488 nm and detected using 520 nm filters. The images were processed using Fluoview software (Olympus).
Transcriptomic microarray experiments
RNA extractions
For the microarray experiments, BHI-A or BHI-B broths were inoculated with 500 lL of an overnight culture of A. pleuropneumoniae serotype 1 strain S4074 and grown at 37°C in an orbital shaker until an optical density of 0.6 was reached. Ice-cold RNA degradation stop solution (95% ethanol, 5% buffer-saturated phenol), shown to effectively prevent RNA degradation and therefore preserve the integrity of the transcriptome [2] , was added to the bacterial culture at a ratio of 1:10 (vol/vol). The sample was mixed by inversion, incubated on ice for 5 min, and then spun at 5 000 g for 10 min to pellet the cells. Bacterial RNA isolation was then carried out using the QIAGEN RNeasy MiniKit (QIAGEN, Mississauga, ON, Canada), as prescribed by the manufacturer. During the extraction, samples were subjected to 
Microarray construction and design
For the construction of AppChip2, 2033 ORFs from the complete genome sequence of A. pleuropneumoniae serotype 5b strain L20, representing more than 95% of all ORFs with a length greater than 160 nt, were amplified and spotted in duplicate on the chip. Spotted sheared genomic DNA from A. pleuropneumoniae L20 and porcine DNA are used as controls (GEO: GPL6658). Additional information concerning chip production is described by Gouré et al. [13] .
Microarray hybridizations
cDNA synthesis and microarray hybridizations were performed as described [6] . Briefly, equal amounts (15 lg) of test RNA and control RNA were used to set up a standard reverse transcription reaction using random octamers (BioCorp, Montreal, QC, Canada), SuperScript II (Invitrogen, Carlsbad, CA, USA) and aminoallyl-dUTP (Sigma, St. Louis, MO, USA), and the resulting cDNA was indirectly labelled using a monofunctional NHS-ester Cy3 or Cy5 dye (Amersham, Buckinghamshire, UK). The labelling efficiency was assessed spectrophotometrically. Labelled samples were then combined and added to the AppChip2 for overnight hybridization. Five hybridizations were performed for the serotype 1 strain S4074 BHI-A versus BHI-B experiments. All slides were scanned using a Perkin-Elmer ScanArray Express scanner.
Microarray analysis and bioinformatics
Microarray data analysis was conducted with the TM4 Suite of software from the J. Craig Venture Institute [30] as described by Deslandes et al. [9] . Briefly, raw data was first generated using SpotFinder v.3.1.1. Locally weighted linear regression (lowess) was then performed in the Microarray Data Analysis System (MIDAS) in order to normalize the data. The Significance Analysis of Microarray (SAM) algorithm [33] , which is implemented in TIGR Microarray Expression Viewer (TMEV), was used to generate a list of differentially expressed genes.
During SAM analysis, a false discovery rate (FDR) of 0% was estimated for the serotype 1 strain S4074 BHI-A versus BHI-B experiments.
Effects of DspB and zinc on biofilm formation
Biofilms were grown for 6 or 24 h in BHI-B as described above. The wells were washed with water and then filled with 100 lL of PBS containing 0.2, 2.0 or 20 lg/mL of DspB (Kane Biotech Inc, Winnipeg, MB, Canada) as described by Izano et al. [17] . After incubation at 37°C for 5 min, the wells were rinsed with water and stained with crystal violet. To monitor the effect of zinc on biofilm formation, bacteria were grown for 6 or 24 h in BHI-B supplemented with 50-250 lg/mL of ZnCl 2 .
Statistical analysis
The statistical significance (p value) of differences in biofilm phenotypes (mean optical density values) was determined by a paired, one-tailed t-test using GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA, USA).
RESULTS
Biofilm formation and growth conditions
The ability of the A. pleuropneumoniae serotype 1 reference strain S4074 to form biofilms was evaluated using different growth media (Fig. 1) . No biofilm was present in the wells containing bacterial cells grown in LB broth while only a slight biofilm was observed in wells containing cells grown in TSB, MH or BHI-A broths after 24 h of incubation. However a pronounced biofilm (p < 0.01) was formed when strain S4074 was grown in BHI-B broth. This was not due to an increased growth in BHI-B compared to BHI-A as similar growth curves were observed in both media.
We then evaluated biofilm formation by all the reference strains of A. pleuropneumoniae after growth for 6 or 24 h in BHI-B. Similarly to what was observed with the serotype 1, we found that growth in BHI-B, but not BHI-A, allows biofilm formation in reference strains representing serotypes 4, 5a and 14. In addition to the already reported biofilm formation in serotypes 5b and 11, we also observed biofilms for serotype 3 and 12 reference strains. Moreover, biofilm formation (OD 590nm > 0.1) was observed in 20 (54%) of the 37 fresh field isolates of serotypes 1, 5, 7 and 15 that were tested (Fig. 2) . In general, serotypes 5a, 5b and 7 field isolates tend to form more biofilms (mean OD of 1.15, 1.47 and 1.47 after 24 h) than isolates from serotypes 1 and 15 (mean OD of 0.36 and 0.80 after 24 h).
When A. pleuropneumoniae strain S4074 grown in BHI-A (no or slight biofilm) was transferred to BHI-B we observed the formation of a pronounced biofilm (p < 0.05). When these cells were then transferred back to BHI-A, the phenotype returned to a slight biofilm (p < 0.05). This was also observed with field isolates representing different serotypes (data not shown).
Scanning laser confocal microscopy
We observed that for many reference strains, including strain S4074, and field isolates, pronounced biofilms were present after a short incubation period of only 6 h (Fig. 2) . The biofilm was visualized by confocal laser scanning microscopy using a fluorescent probe (WGA-Oregon Green) specific to the PGA matrix polysaccharide (Fig. 3) . It is evident from these micrographs that A. pleuropneumoniae strain S4074 does not form biofilm when grown in BHI-A while a thick PGA matrix is formed by A. pleuropneumoniae serotype 5b strain L20 grown in the same condition. However, both strains showed a pronounced biofilm when grown in BHI-B. In the case of strain S4074, the biofilm is even more important after 6 h than 24 h of incubation (Fig. 3) . Because scanning laser confocal microscopy allows optical sectioning of the biofilm either in the horizontal or the vertical dimension it is possible to evaluate the thickness of the biofilm. We evaluated the thickness of A. pleuropneumoniae strain S4074 biofilm to be of $ 25 lm after growth in BHI-B for 6 h ( Fig. 3C ) and even greater ($ 65 lm) for A. pleuropneumoniae strain L20.
Transcriptomic profiling under different growth conditions
To assess the transcriptional response of A. pleuropneumoniae S4074 after growth in BHI-B compared to BHI-A, transcript profiling experiments using DNA microarrays were performed. Overall, 232 genes were significantly differentially expressed during growth in BHI-B; 152 being up-regulated and 80 being down-regulated (Tab. II). The genes that showed the highest level of up-regulation after growth in BHI-B belonged to the ''amino acid biosynthesis'', ''energy metabolism'', ''transport and binding proteins'', ''cell envelope'' and ''hypothetical/unknown/unclassified'' functional classes (Fig. 4) . Genes such as tadC and tadD (tight adherence proteins C and D), genes with homology to autotransporter adhesins (APL_0443 and APL_0104) as well as genes pgaABC involved in PGA biosynthesis were up-regulated after growth in BHI-B. A cluster of genes involved in dipeptide transport (dppABCDF) and genes involved in the synthesis of an urease (ureAEFG) were also up-regulated. Down-regulated genes after growth in BHI-B mostly belonged to the ''transport and binding proteins'', ''cell envelope'', ''protein synthesis'' and ''hypothetical/ unknown/unclassified'' functional classes. Most notably, cys genes involved in sulphate transport systems were down-regulated, as well as a gene (APL_1096) sharing 59% identity with the DspB gene of A. actinomycetemcomitans.
Effect of DspB on biofilm formation
Enzymatic treatment with DspB of biofilms of A. pleuropneumoniae strains S4074 and L20 grown for 6 or 24 h almost completely dispersed them (p < 0.05) confirming the presence of PGA in the biofilm matrix.
Effect of zinc on biofilm formation
Chemical analysis showed differences in some divalent cations concentration between BHI-A (Fe < 0.10 ppm, Zn 2.03 ppm) and BHI-B (Fe 0.10 ppm, Zn 1.75 ppm) while no differences were observed for others (Ca, Cu, Mg, Mn). We therefore hypothesized that the difference in biofilm formation observed after growth in BHI-B compared to BHI-A might be due to cations concentration. Since the concentration of zinc was found to be higher in BHI-A (no or slight biofilm) we tested a Figure 2 . Thirty-seven independent fresh field isolates of A. pleuropneumoniae (representing serotypes 1, 5, 7 and 15) were tested for their ability to form biofilms when grown for 6 h (A) and 24 h (B) in BHI-B using the microtiter plate assay.
Vet. Res. (2010) 41:03possible inhibitory effect of this cation on biofilm formation. The addition of ZnCl 2 to BHI-B inhibited, in a dose-dependent manner, the formation of biofilms by A. pleuropneumoniae strains S4074 and L20 (Fig. 5) . A complete inhibition (p < 0.01) was observed when 100 lg/mL of ZnCl 2 was added to BHI-B, a concentration which did not affect growth after 24 h (data not shown). A similar inhibition was also observed with the addition of ZnSO 4 , ZnO, and Zn 3 (PO 4 ) 2 but not with MgCl 2 or CaCl 2 thus confirming that the inhibition was due to the addition of zinc. Biofilm formation in A. actinomycetemcomitans was also inhibited by zinc (data not shown). Interestingly, genes potentially involved in zinc transport (znuA and APL_0096) were up-regulated after growth in BHI-B (Tab. II).
DISCUSSION
Biofilm formation is an important virulence trait of many bacterial pathogens including A. pleuropneumoniae. It has been previously reported that only 2 of the 15 A. pleuropneumoniae reference strains, representing serotypes 5b and 11, were able to form a biofilm in vitro [21] . We observed however an increased stickiness of colonies when strain A. pleuropneumoniae S4074 was grown on plates made of BHI from one of two different suppliers. In addition, Li et al. [24] recently observed slight biomass of biofilm when the A. pleuropneumoniae serotype 1 reference strain S4074 was grown in serum-free TSB and that an enhanced biofilm formation was observed in luxS [24] and hns [8] mutants of A. pleuropneumoniae S4074. These observations brought us to re-evaluate biofilm formation by strain A. pleuropneumoniae S4074 under different growth conditions using a standard microtiter plate and crystal violet staining protocol. Our data indicate that strain S4074 has the ability to form a pronounced biofilm when grown in the appropriate conditions, and that the biofilm was sensitive to DspB treatment and can be inhibited by zinc. Transition from a biofilm-positive to a biofilm-negative phenotype is not irreversible in contrast to what was reported by Kaplan and Mulks [21] under different conditions.
Transcript profiling experiments using DNA microarrays indicated that overall, 232 genes were significantly differentially expressed during growth in BHI-B. Genes such as tadC, tadD, genes with homology to autotransporter adhesins as well as genes pgaABC involved in PGA biosynthesis were up-regulated after growth in BHI-B. While we can hypothesize that these genes might be important for the formation of the biofilm itself, it is also interesting to note that many of the same genes (tadB, rcpA, gene APL_0443 with high homology to the Hsf autotransporter adhesin of Haemophilus influenzae as well as genes pgaBC involved in biofilm biosynthesis) were up-regulated, when the transcriptomic profile of A. pleuropneumoniae was determined after contact with porcine lung epithelial cells [1] , thus emphasizing the possible importance of biofilm formation for the establishment of the infection. Initial steps in biofilm development require the transcription, early on, of genes involved in reversible attachment and motility, before a subsequent switch towards the transcription of genes involved in the irreversible attachment of bacteria [35] . This second irreversible attachment might require the synthesis of adhesive organelles, such as the curli fibers (csg genes). Interestingly, gene APL_0220 is a putative lipoprotein of the CsgG family, responsible for the transport and assembly of curli fibers. The up-regulation of other genes possibly involved in adhesion processes (tadC, tadD, Hsf homolog APL_0443) might indicate that bacterial cells were entering or in the middle of this irreversible attachment phase. In A. actinomycetemcomitans, the Tad locus is essential for biofilm formation [32] . The fact that the transcription of a zinc-specific transporter (znuA) was increased, combined with the decrease in transcription of an hypothetical Zn-dependant protease (APL_1898) and lower concentration of this metal in BHI-B lead us to believe that Zn restriction might be a signal leading to increase biofilm formation.
It is tempting to speculate that growth in BHI-B affected the expression of regulators which in turn affected PGA expression and biofilm formation. Indeed, it has been recently shown that an enhanced biofilm formation was observed in a hns mutant of A. pleuropneumoniae strain S4074 [8] and that over-expression of RpoE in a rseA mutant is sufficient to alleviate repression of biofilm formation by H-NS 1 . However, other genes have been shown to affect biofilm formation in A. pleuropneumoniae. An enhanced biofilm formation was observed in a quorum sensing (luxS) mutant [24] while a mutant in the ArcAB two-component system facilitating metabolic adaptation to anaerobicity (arcA) [5] and an autotransporter serine protease (AasP) mutant were deficient in biofilm formation [31] . It is interesting to note that many genes involved in branchedchain amino acid biosynthesis (ilv genes) were up-regulated after growth in BHI-B. Limitation of branched-chain amino acids was shown to be a cue for expression of a subset of in vivo induced genes in A. pleuropneumoniae, including not only genes involved in the biosynthesis of branched-chain amino acids, but also other genes that are induced during infection of the natural host [34] .
Our data indicate that many strains of A. pleuropneumoniae have the ability to form biofilms under appropriate growth conditions. This is an important observation considering that A. pleuropneumoniae biofilm cells exhibit increased resistance to antibiotics compared to planktonic cells [17] and may also exhibit increased resistance to biocides [12] . Biofilms are often associated with chronic infections but the fact that A. pleuropneumoniae can form an important biofilm after only 6 h of incubation suggests that biofilm formation might also play a role in acute infections.
We have undertaken the screen of a large library of mini-Tn10 isogenic mutants of A. pleuropneumoniae S4074 in order to identify other genes that are involved in biofilm 1 Bosse J.T., Sinha S., O'Dwyer C.A., Rycroft A.N., Kroll J.S., Langford P.R., H-NS is a specific regulator of biofilm formation in Actinobacillus pleuropneumoniae, Proceedings of the International Pasteurellaceae Society meeting, Sorrento, Italy, 2008, p. 110. formation and/or regulation. A better understanding of biofilm formation in A. pleuropneumoniae might lead to the development of molecules or strategies to interfere with biofilm formation and prevent infection in pigs. In that respect, we made an important, and unexpected, observation that zinc could completely inhibit biofilm formation in A. pleuropneumoniae and A. actinomycetemcomitans, which also synthesizes PGA [20] . We do not know at this time how zinc interferes with PGA biosynthesis and biofilm formation but some glycosyltransferases have been shown to be inhibited by zinc [23] . Hypozincemia which occurs during infection and inflammation [26] might therefore favour biofilm formation by A. pleuropneumoniae.
Knowing that PGA functions as a biofilm matrix polysaccharide in phylogenetically diverse bacterial species such as Staphylococcus aureus, S. epidermidis, and Escherichia coli [20] , it would be worth investigating whether zinc can also interfere with PGA biosynthesis in these other bacterial pathogens.
